Growth hormone (GH) signaling is tightly controlled by ubiquitination of GH receptors, phosphorylation levels, and accessibility of binding sites for downstream signaling partners. Members of the suppressors of cytokine signaling (SOCS) family function as key regulators at all levels of this pathway, and mouse knockout studies implicate SOCS2 as the primary suppressor. To elucidate the structural basis for SOCS2 function, we determined the 1.9-Å crystal structure of the ternary complex of SOCS2 with elongin C and elongin B. The structure defines a prototypical SOCS box ubiquitin ligase with a Src homology 2 (SH2) domain as a substrate recognition motif. Overall, the SOCS box and SH2 domain show a conserved spatial domain arrangement with the BC box and substrate recognition domain of the von Hippel-Lindau (VHL) tumor suppressor protein, suggesting a common mechanism of ubiquitination in these cullin-dependent E3 ligases. The SOCS box binds elongin BC in a similar fashion to the VHL BC box and shows extended structural conservation with the F box of the Skp2 ubiquitin ligase. A previously unrecognized feature of the SOCS box is revealed with the burial of the C terminus, which packs together with the N-terminal extended SH2 subdomain to create a stable interface between the SOCS box and SH2 domain. This domain organization is conserved in SOCS1-3 and CIS1, which share a strictly conserved length of their C termini, but not in SOCS4, 5, and 7, which have extended C termini defining two distinct classes of inter-and intramolecular SOCS box interactions.
T he growth hormone (GH) signaling pathway is the main regulator of longitudinal growth in mammals, and it stimulates differentiation and mitogenesis and modulates lipid, nitrogen, and mineral metabolism. Signaling from the GH receptor (GHR) is initiated by GH-induced dimerization followed by Janus kinase (JAK) 2 crossphosphorylation and subsequent phosphorylation of signal transducers and activators of transcription (STATs) (in particular, STAT5b). Phosphorylated STAT5 dimerizes and enters the nucleus, where it initiates transcription of insulin-like growth factor (IGF) I, IGFBP3, suppressors of cytokine signaling (SOCS) 1-3, CIS, and other target genes (recently reviewed in ref. 1) . The duration of the GHR signal is a key determinant of the biological response. The signal is attenuated by many regulatory mechanisms, including ubiquitin-dependent receptor internalization and degradation (see, for example, ref. 2) , cleavage by TACE (TNF-␣-converting enzyme) (3), tyrosine dephosphorylation of receptors and associated JAK kinases (4) , and SOCS.
The SOCS family comprises SOCS1-7 and CIS1, of which SOCS1-3 and CIS1 have been shown to regulate GH signaling in vitro (1) . The role of SOCS2 in GH signaling in vivo has been convincingly demonstrated, as displayed by the phenotype of SOCS2-deficient mice, which are 30-40% larger than normal littermates (5) . This phenotype is similar to mice overexpressing GH (6) and high growth (hg) mice, which have a disrupted socs2 locus (7) . The growth characteristics also resemble those of patients with gigantism (8) . The effect of SOCS2 is mediated by signaling through the JAK͞STAT pathway, as demonstrated by STAT5b͞SOCS2 double knockout mice, which have no overgrowth phenotype (9) . Furthermore, SOCS2 knockout neural stem cells are 100-fold more sensitive to GH and produce 50% fewer neurons than wild type, pointing to an important role for SOCS2 in cell differentiation (10) .
SOCS proteins contain three domains necessary for SOCS2 regulation of GHR signaling: a variable N-terminal domain, a central SH2 domain, and a conserved SOCS box in the Cterminal domain (11) . SOCS2 binds directly to tyrosinephosphorylated GHR but does not interact with or regulate signaling from the nonphosphorylated receptor, consistent with binding of an SH2 domain (11) . This interaction requires an additional extended SH2 subdomain (ESS) at the N terminus of unknown function. GHR binding is inhibitory only in the presence of the SOCS box, which mediates interaction with elongin BC. By analogy with the von Hippel-Lindau (VHL) protein, which binds elongin BC to target hypoxia-inducible factor (HIF-1␣) for proteasomal degradation (12, 13) , it is speculated that many, if not all, SOCS box-containing proteins act as part of an E3 ubiquitin ligase complex (ref. 14; reviewed in ref. 15) . Despite sharing Ͻ20% sequence identity, mutagenesis points to a common BC box-binding motif, and, indeed, many SOCS box proteins have been shown to assemble with elongin BC and the additional E3 components Cul-5 and Rbx2 (16) . Most notably, SOCS1 promotes TEL-JAK2 degradation and inhibits its cellular transformation in a SOCS box-dependent manner (17) .
In this study, we confirmed the direct interaction between SOCS2 and elongin BC and crystallized the ternary complex to determine the mechanism by which SOCS2 associates tyrosinephosphorylated substrates with the ubiquitination machinery. The structure reveals significant differences with current models and provides details of the concerted function of all three SOCS2 subdomains by their respective orientations and interdomain packing. We further characterized the binding affinity of the SOCS2͞C͞B complex for phosphopeptide substrates derived from GHR and the erythropoietin receptor to assess the most physiologically relevant target. and elongin B as search models and refined at 1.9-Å resolution ( Fig. 1 and Table 1 ). Three conserved SOCS family domains are defined, including an N-terminal ESS formed from a single amphipathic helix, a central SH2 domain with a classic phosphotyrosine pocket, and a C-terminal SOCS box, which mediates interaction with elongin BC.
The SOCS Box Is a Conserved Ubiquitin Ligase Motif. The three core helices (H1-3) of the SOCS box show significant structural conservation with the VHL BC box (rms deviation ϭ 0.75 Å) and pack similarly together with elongin C H4 into a four-helix cluster. Binding is dominated by the burial of SOCS2 H1 into a deep cleft between elongin C loop 5 and H4. In this region, only L163 and C167 are conserved with VHL, in which mutation of these residues destroys the assembly (18) . Further hydrophobic interaction is provided by L166, T170, and I171 ( Fig. 2A) . The extended structural conservation between the SOCS box, VHL BC box, and Skp2 F box defines a common structural motif linking E3 substrate recognition domains with ubiquitin ligase complexes (Fig. 2B) .
Elongin B makes limited contact with SOCS2 but significantly stabilizes the ternary structure; in its absence, we observe unfolding of the SOCS2-elongin C dimer at physiological temperature (Fig. 5 , which is published as supporting information on the PNAS web site). Further assembly with the cullin ubiquitination complex is predicted through the SOCS box LPXP motif, which confers Cul-5 selection (16) and falls at the predicted cullin interface (Fig. 2C ).
Structural Basis for Phosphotyrosine Substrate Recognition. The SOCS family E3 ligases are targeted to their substrates by means of a SH2 interaction domain. Accordingly, GHR regulation by SOCS2 is abolished by mutation of either the SH2 phosphotyrosine pocket (R73K͞D74E͞S75C) or two GHR phosphotyrosine sites (Y595F͞Y487F) (11) . The structural basis for specific phosphotyrosine recognition by SOCS2 can be inferred from a bound sulfate ion in the pY pocket, which is coordinated through eight hydrogen bonds that involve those residues identified by mutagenesis (Fig. 3) . The common ␣A2 Arg ligand is replaced by valine, but SOCS2 gains compensatory pY interactions from T83 and R96, which are less conserved in the SH2 family. Peptides derived from these GHR sites bind directly to SOCS2 in a strict phosphorylation-dependent manner. We determined that SOCS2 binds to the primary GHR site (pY595) with 5-fold higher affinity than to the analogous site of the erythropoietin receptor, another suggested SOCS2 target (19) (Fig. 3B and Table 2 ). Substrate selectivity among different SOCS SH2 domains varies as a result of nonconservative substitutions within the pY recognition site and changes within the hydrophobic ϩ3 pocket. The SOCS2 substrate pocket is framed by large EF and BG loop insertions that hindered previous comparative sequence alignments (Fig. 1B) .
A requirement for E3-dependent ubiquitin ligation is a stable protein-protein interaction between the SOCS box and the substrate recognition domain and also a conserved spatial domain arrangement of the substrate and enzyme. The location and orientation of the pY-binding site within the SOCS2͞C͞B ternary complex is within 3 Å of the VHL-bound hydroxyproline, which serves as a substrate recognition motif for this E3 ligase. This similarity suggests not only that the SOCS2 ternary complex adopts a productive orientation for substrate ubiquitination but also that the mechanism of target recognition and ubiquitination is a common structural feature of these ligases.
Burial of the C Terminus. The SOCS2 structure reveals the function and packing arrangements that distinguish the SOCS protein family from the VHL system. The SOCS box contains a shorter C terminus that lacks the H4 helix that is present in VHL. To maintain analogous stabilizing interactions with its substrate recognition domain, the C terminus is buried in the interface between the SH2 domain and the SOCS box. The C-terminal carboxyl group forms a hydrogen bond network with W48 (␤A) and Y194 (H3) to link both elements, and the valine (V198) side chain binds to a deep hydrophobic pocket in the back of the SH2 domain (Fig. 4A ). This configuration is further stabilized by R168, which forms a hydrophobic stacking interaction between Y190 and Y194 as well as further polar contacts that tether the H1, H3, and ESS helices. The addition of a phosphate moiety to Y194 would break these interactions and forms part of a regulatory mechanism in SOCS3 (Y221) that results in the loss of elongin C binding (20) . The additional phosphorylation of SOCS3 Y204 (absent in SOCS2) is required and may enable kinase access to this inaccessible location. Similarly, the packing does not allow for C-terminal sequence extensions, explaining the strictly conserved length of the C termini in SOCS1-3 and CIS1. The more distantly related SOCS4-7 have larger structured N-terminal domains and variable C-terminal domains and therefore form a distinct SOCS box subfamily with alternative interdomain interactions (Fig. 1B) .
Function of the ESS. The SOCS2 N terminus comprises an ESS, and further N-terminal sequence is predicted to lack secondary structure (21) . Deletion of this region inhibits SOCS2 regulation of GHR, but the mechanism has yet to be assigned (11) . Mutagenesis of the same ESS region in SOCS1 has identified conserved hydrophobic positions that are critical for SH2 function and a preceding DY motif (QA in SOCS2) that forms a pseudosubstrate kinase inhibitory region (KIR) for JAK2 (22) . Previous structural predictions placed this subdomain adjacent to the SH2 pY pocket (23) . This arrangement was anticipated to facilitate cooperation between the SH2 and KIR domains for binding to the JAK2 activation loop (pY1007) and the catalytic pocket, respectively. The SOCS2 structure provides a structural basis for examining this hypothesis. In contrast to the preferred model (23) , the SOCS2 N-terminal subdomain packs alongside the C terminus as a single amphipathic helix, forming hydrophobic interactions (L36͞L40͞L43) with the SH2 site most distal to the pY pocket and electrostatic interactions with the SOCS box (Q45-R168, Fig. 4B ). The sequence similarity throughout this surface and the conservation of the C termini suggest that this structural feature is conserved in the SOCS1-3͞CIS1 subfamily. Thus, the ESS can now be defined as a SOCS-specific element used as a structural subdomain to bridge the interface between the SOCS box and the SH2 domain and to link E3 ligase activity to substrate capture. The kinase inhibitory region DY motif in SOCS1 maps to the exposed N terminus of this helix. This position would allow it to function as an independent protein interaction site, consistent with its continued inhibition of JAK2 in the presence of a mutated SH2 domain (22) .
Discussion
Members of the SOCS protein family have been shown to regulate GH signaling in vitro through multiple mechanisms involving all three SOCS functional domains (24) . For example, SOCS1 can inhibit JAK2 through either its N-terminal kinase inhibitory region or SH2 domains and also mediate its degradation by means of the SOCS box (17) . Downstream inhibition of STAT3 and STAT5 may also be effected by SOCS7 to suppress multiple cytokine pathways (25) . Direct target specificity for GHR appears to be restricted to the SH2 domains of SOCS3, which binds pY333 and pY338, and SOCS2 and CIS1, which target the membrane-distal pY487 and pY595 sites (1). SOCS2 is uniquely identified as a primary GHR inhibitor in vivo by its overgrowth knockout phenotype in mice (5); other SOCS family knockout mice show no overgrowth phenotype or are growth-retarded (25) (26) (27) . The binding affinity of SOCS2 for the primary pY595 site is typical for physiological SH2-ligand interactions determined by isothermal titration calorimetry (ITC) and 5-fold higher than for the erythropoietin receptor (Table 2 ). Binding to this site involves competition with the phosphatase SHP2 and the effector STAT5b, providing one potential mechanism for SOCS2-dependent suppression. However, SOCS2 regulation of GHR also requires a functional SOCS box (11) . The SOCS2 structure presented here supports its function as an E3 ubiquitin ligase, analogous to the VHL and Skp2 E3 ligases (Fig. 6 , which is published as supporting information on the PNAS web site). The closely related CIS1 is also associated with the ubiquitination and internalization of GHR, and this activity is lost upon mutation of its SH2 domain (R107K) or in the presence of proteasome inhibitors (28) . The involvement of SOCS3 in GHR regulation remains unclear; its mouse knockout is embryonic lethal (29) .
The burial of the C terminus and packing of all three SOCS2 domains in a shared core interface are highly unexpected structural features. Their apparent structural and functional interdependence provides a cautionary note for domain deletion studies as well as a rationale for the loss of SOCS protein activities upon mutation of previously unrecognized core positions in the ESS (22) . Such disruption is, in fact, a control mechanism that is used to regulate the activity and interplay between SOCS family members. Double phosphorylation of the SOCS3 C terminus (Y204͞Y221) will prevent its core interaction and indeed inhibits elongin C binding, resulting in SOCS3 proteasomal degradation (20) .
Such control mechanisms define potential target sites for protein interaction inhibitors. Because of the key role of SOCS2 as a major negative regulator of GH signaling, the development of SOCS2 antagonists has been proposed as an alternative treatment regime to GH injections. The direct interaction between the SOCS box and elongin C constitutes such an intervention point, because the signal for GHR (as well as several other cytokine receptors) is prolonged in the presence of proteasome inhibitors (30) . Indeed, we identify one potential site in proximity to the buried SOCS2 C terminus (Fig. 7 , which is published as supporting information on the PNAS web site) that is sufficiently large (340 Å 3 ) to be targeted by low-molecularweight inhibitors that would not only find application as potential drug candidates but would also be valuable reagents to delineate complex control mechanisms in cytokine signaling.
Materials and Methods
Protein Expression and Crystallization. Human SOCS2 (amino acids , elongin C (amino acids 17-112), and elongin B were coexpressed in BL21(DE3) from the plasmids pLIC-SOCS2 and pACYCDUET-ElCB. Ternary complex was purified by nickelaffinity, size-exclusion, and anion-exchange chromatography and concentrated to 22 mg͞ml in 50 mM Hepes, pH 7.5͞250 mM NaCl͞2.5% glycerol͞10 mM DTT. The N-terminal hexahistidine tag was cleaved by using tobacco etch virus protease before size-exclusion chromatography. The protein complex was judged to be at least 95% pure by SDS͞PAGE, and the correct molecular weight of all three proteins was confirmed by using liquid chromatography electrospray ionization MS. Crystals were grown at 4°C in 1-l sitting drops by using 0.08 M Na-cacodylate (pH 6.5), 0.16 M NaCl, and 1.6 M (NH 4 ) 2 SO 4 .
Structure Determination. SOCS2 diffraction data were collected on a frozen crystal (100 K) at the Swiss Light Source Beamline 10 (Villigen, Switzerland). Images were indexed and integrated by using MOSF LM and scaled by using SCALA within the CCP4 program package (31) . The structure was solved by using molecular replacement carried out with the program PHASER (32) and Src and elongin BC as search models (Protein Data Bank ID codes 1O4H and 1LM8). Iterative rounds of rigid-body refinement and restrained refinement with TLS (translation-librationscrew) against maximum likelihood targets were interspersed by manual rebuilding of the model using COOT (33) and XFIT͞ XTALVIEW (34, 35) . Figures were prepared by using PYMOL (36) and ICM-PRO (37) . Atomic coordinates and structure factors have been deposited in the Protein Data Bank (ID code 2C9W).
ITC. Experiments were carried out in 50 mM Hepes, pH 7.5͞150 mM NaCl͞1 mM DTT at 25°C, injecting 0.4 mM peptide solution into 15 M protein solution. Blank titrations were subtracted from binding data, and data were processed by using ORIGIN software provided with the instrument.
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